The effect of NaOH and HCl on the stability of the carbon framework in graphene oxide (GO) after substitution or etherification reaction in GO is demonstrated at 10 C and 40 C, respectively. Our results allow the preparation of functionalized GO based architectures with an intact s-framework of carbon atoms.
Graphene and its derivatives are some of the most versatile building blocks used for a variety of applications either in electronic devices or in medical applications. [1] [2] [3] [4] Graphene of the highest quality is preferably prepared by chemical vapour deposition or mechanical cleavage. 5 However, these approaches suffer from high energy processes and the lack of chemical versatility.
2 Thus, GO is used as a versatile precursor as it can be chemically functionalized easily. 6 GO is available from graphite and produced by wet chemical oxidation in sulphuric acid with potassium permanganate as an oxidant. 7, 8 The initially yielded graphite oxide can delaminate to single layers of GO. The main drawback of this conventionally prepared GO is the destructed structure of the carbon framework due to over oxidation. 9, 10 The carbon atoms in GO are functionalized with epoxy, hydroxyl and organosulfate as major groups. 11 The loss of carbon during synthesis and the accompanied rupture of the sp 2 -carbon lattice limit the overall quality of GO and the performance of graphene that is obtained aer reduction. 12, 13 Recently, we succeeded in making a new form of GO that can be reduced to graphene as a consequence of an intact carbon lattice.
14 Aer reduction the distance between defects was probed to be on the multi-nanometer scale and the performance in terms of charge carrier mobility was found to exceed 1000 cm 2 V À1 s À1 for the best quality of akes. Further on, this new form of GO can be used to visualize the efficiency of reducing agents.
15
One crucial question that could not be answered until now is about the stability of the carbon framework in GO during chemical transformation or simply is a dispersion of GO chemically stable to be used for applications. Dimiev et al. deeply describe how GO is degraded by water, especially by treatment with base. 16 This decomposition nally leads to a material similar to humic acid as described by Staudenmaier before.
17 Such a degradation in water would limit the usage of GO for the preparation of molecular architectures that need an undisturbed carbon framework. Until now, it has not been possible to demonstrate the stability of the carbon framework in GO aer chemical reactions.
Here, we describe that the carbon framework of GO is maintained in water but degrades in the presence of base at elevated temperatures. For this purpose, graphene was obtained from GO, either treated with HCl or treated with NaOH at 10 C and 40 C, respectively. We probe the quality of GO aer reduction (rGO) by statistical Raman spectroscopy. 15, 18 The carbon lattice is stable in GO treated by acid or base at 10 C.
Despite that nding, it is ruptured by the treatment of base at 40 C. Furthermore, we nd evidence for GO bearing predominately hydroxyl groups aer base treatment at 10 C and the formation of ether groups in water or acidic dispersion at 40 C (Scheme 1). These insights make new molecular architectures feasible to extend the properties of graphene in the future. It is well known that GO decomposes at elevated temperatures and GO was found to be metastable even at 25 C.
9,19,20
Such instability hampers the functionalization of GO to date. To gain information about the chemical functionalization and the integrity of the carbon framework in GO we used our recently prepared new form of GO. 14 Now, GO was mixed with HCl (0.1 M) at 10 C and 40 C, respectively. Aer that, the dispersion was puried by repeated centrifugation and redispersion in water until the pH of the supernatant was neutral (GO-HCl and GO-HCl-40). The same procedure was used to prepare GONaOH and GO-NaOH-40 using NaOH (0.1 M) instead of HCl. While GO and GO-HCl appear to be yellowish, GO-NaOH turned brownish or grey (GO-NaOH-40) as a freeze-dried solid.
These results are also reected by the respective UV-vis spectra that are almost identical for GO, GO-40, GO-HCl and GO-HCl-40. GO-NaOH shows an increased absorption between 400 and 600 nm, which is an indication for an increased p-system as a consequence of the cleavage of organosulfate or elimination of functional groups (Fig. S1 †) . These spectral changes are much more pronounced for GO-NaOH-40 as a consequence of an enlarged heterogeneous structure. 11 Fourier transform infrared (FTIR) spectroscopy on ZnSe windows was used to elucidate changes in the chemical structure.
For GO and GO-HCl (treated at 10 C), there is almost no change in FTIR spectra visible indicating the intact chemical structure (Fig. S2 †) . Thus, we conclude that there is no reaction occurring. Aer NaOH treatment at 10 C there are signicant changes (1626, 1384, and 1249 cm À1 ) that come along with the cleavage of organosulfate as found by TG-MS analysis (Fig. 1 , S3 †). 11 Treatment of GO at 40 C in water results in a dramatic change of FTIR spectra. Thus, for GO-40 we nd only small signals at about 1250 cm À1 that had been dominant in GO and an increased signal intensity at 1074 cm À1 (Fig. S2 †) . At 1074 cm À1 , vibrations generally originate from C-O or C-C skeleton vibrations. 19 In particular, for GO-HCl-40 this signal dominates the spectrum (Fig. 1) and thus, a structure with an enhanced amount of ether groups is formed, as epoxy groups or other ethers as proposed in the Ruess model. 21 However, to date the structural analysis of differently treated GO is limited and several structure models have been proposed and proved in the literature. 16, 22, 23 However, more analysis appears to be necessary in future studies. For GO-NaOH-40 the FTIR spectra indicate the degradation of the material as described in the literature. 16 Generally, broad signals are found that stem from a less dened structure also indicated by Raman spectroscopy (Fig. S2 †) .
We further analyzed the materials by thermogravimetric (TG) analysis. For GO-NaOH, GO-40, GO-HCl-40 and GO-NaOH-40 organosulfate is cleaved as indicated by the missing weight-loss step between 200 and 300 C that relates to decomposing organosulfate. 11 Thus, we conclude that organosulfate remains stable at 10 C in the absence of base. Further evidence for the stability of organosulphate at low pH and its cleavage at high pH or 40 C is found by elemental analysis, especially according to the sulphur content (Table S1 †). These analyses reveal that NaOH treatment of GO causes likely a nucleophilic reaction of hydroxide at sp 3 -carbon centers with sulfate as the leaving group (Scheme 1). Hydroxy-GO can efficiently be reduced to rGO, because hydroxyl groups are natively present in GO. Besides, other reactions, as ring opening of epoxy groups or irreversible base induced rearrangement reactions, are also feasible as proposed earlier.
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Statistical Raman spectroscopy was used to gain information about the integrity of the carbon framework. To evaluate the defect density by scanning Raman spectroscopy we prepared thin lms on Si/SiO 2 wafers by the Langmuir-Blodgett technique as described earlier and reduced them to rGO by vapor treatment with hydriodic acid and triuoro acetic acid.
14,24
Firstly, AFM images of the graphene lms were prepared (Fig. S4 †) and differences in analyzed ake thickness between 1.5 and 0.7 nm were observed with the lowest thickness for rGO-NaOH. We suggest that base treatment of GO and the accompanied cleavage of organosulfate are responsible for the reduced thickness. Next, an area of 22 500 mm 2 of these lms was probed by
Raman spectroscopy with an increment of 2.5 mm. To ensure that Raman spectra of single layers are predominantly analyzed, we ltered the spectra by the intensity of the G peak to exclude spectra from the multilayered material. With this technique in hand defect densities can be easily probed. 15, 18 Therefore, the intensity and the full width at half maximum (G) of the defect induced D peak, the G peak and the 2D peak were analyzed. As shown before, the plot of I D /I G against G 2D makes the quality of rGO visible.
14 The G 2D depends strongly on the preparation conditions of GO and the reduction conditions. 15 Thus, G 2D varies between 30 cm À1 for pristine graphene and up to 250 cm À1 for thermally reduced GO. 15 In this study we determined the quality of rGO reected by the I D /I G ratio of 2.7 AE 0.3 and the G 2D of 66 AE 15 cm À1 , on average (Table 1 and Fig. 2 ). For rGOHCl and rGO-NaOH we nd almost the same quality with G 2D z 70 cm À1 . These data reveal that the carbon framework was not further harmed by HCl and NaOH treatment at 10 C, respectively. Surprisingly, the quality of rGO-40 is the same as for rGO, even if treated at 40 C (Table 1) , despite a modied structure as indicated by FTIR. In contrast to that, the collapse of the carbon sp 2 -framework is evident from the analysis of rGO-NaOH-40 with a broad G 2D of 120 AE 25 cm À1 .
Therefore, as already indicated by UV-vis and FTIR spectra hydroxide treatment of GO at 40
C results in the degradation of the carbon framework yielding graphene with a more amorphous structure. This observation is likely due to CO 2 formation or rearrangement reactions starting at highly oxidized regions as proposed by Dimiev et al. 16, 19 Surprisingly, the treatment of GO with NaOH at 10 C does not harm the carbon framework signicantly, even if organosulfate is cleaved (Scheme 1, Fig. 2 , Table 1 ). Thus, we conclude that the defect density in rGO remains constant for samples treated with acid or base at 10 C or treated at 40 C in pure water or HCl. Earlier studies about the stability of GO in acid were conducted at room temperature and they indicate a slow degradation of GO.
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We conclude that the s-framework of carbon atoms in GO is stable in water and HCl at 10 C and 40 C, respectively. In addition, GO is stable upon NaOH treatment at 10 C, but not at 40 C. We nd evidence for the change of the chemical structure of GO if treated with base at 10 C whereby organosulfate is likely substituted by hydroxide. Moreover, at 40 C the cleavage of organosulfate is indicated in water and under acidic conditions. For GO-HCl-40 etherication is implied by C-O vibrations at 1074 cm À1 . Despite these chemical modications of the structure of GO, it can be reduced to the same quality of graphene as proved by Raman spectroscopy which indicates the preserved carbon framework. In contrast, for GO treated with NaOH at 40 C, we nd a structure that is dominated by defects aer reduction, due to the rupture of the carbon framework. This degradation of GO leads to a material that is alike humic acids as already realized by Staudenmaier et al. among others. 9, [15] [16] [17] 19 Any instability of GO would exclude its functionalization for the preparation of reduced functionalized GO with superior electronic properties in the future. Thus, we proved the ability to functionalize GO preserving the s-framework of carbon atoms. More knowledge about the chemical structure of GO is necessary to clarify the structural changes possible in GO. Furthermore, long term investigations on the stability of GO are necessary since commercial products need to be stable at least on the month scale. Moreover, reactions must be identied that proceed at low temperature to safely prepare functionalized GO and functionalized graphene, respectively.
